Finite element modelling and design of a concentration gradient generating bioreactor: application to biological pattern formation and toxicology by VOZZI, GIOVANNI et al.
Accepted Manuscript
Finite Element modelling and design of a Concentration Gradient Generating
Bioreactor: Application to biological pattern formation and toxicology
Giovanni Vozzi, Daniele Mazzei, Annalisa Tirella, Federico Vozzi, Arti
Ahluwalia
PII: S0887-2333(10)00119-0
DOI: 10.1016/j.tiv.2010.05.010
Reference: TIV 2391
To appear in: Toxicology in Vitro
Received Date: 26 November 2009
Accepted Date: 17 May 2010
Please cite this article as: Vozzi, G., Mazzei, D., Tirella, A., Vozzi, F., Ahluwalia, A., Finite Element modelling and
design of a Concentration Gradient Generating Bioreactor: Application to biological pattern formation and
toxicology, Toxicology in Vitro (2010), doi: 10.1016/j.tiv.2010.05.010
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
ACCEPTED MANUSCRIPT 


 	 	
   
  

 
 

 
 
 

  
	
 





	









	








  !"##$%&''() *+& ,--&
*

 +" $''" *. 
,--&*

 +" .'*/) *+! 0	'(! *

"1 !+"&*'*%

&*


2+ +' 3+4'*+ 
 2    *' 4      
++  *2*% +
' '"5.56*7'  
 + 3  * '  +/*    / *%
.28*+2+'*'&. 2
 2 ,9µ %:*'4   
"" *2*+ ' 
'+2* '''28;+
  '  3%       3 <= 2    
  ++  4*   '+ ' 4* '
ACCEPTED MANUSCRIPT 


 ''4
' 2+%3 
2'+ ' ''2
*'++%

 	
 
 
  
 




 + 2*>  +'' ' '
  + ? @"  999A  2 4*  2*   +
'' ''   ' %B* 3
<= +'++ 2
'+ %8+* + +
* !* 2  4'%'+2'
    2 +    * + ' '' * 
?99CD@99CDE"99CA%
5 +        *   *    +  
'2' '%'*+++*+
2   %*+*
 + '        2      +  +%
   2 '     2 '    
+? 1 99,A*'+2 
 '?6 99FA 3?.> 99FA2
+++%
.  *    2*  ' '  '  G +
   /2*'4 '
G'<99H=%4**  
* ''2*'0/(+
*2 +4 %
ACCEPTED MANUSCRIPT 


 '      0   2 + '(? '  C,A
 * 2'   *  
+++++ '  2%.   + 
++ '/++* 2%4 
     + 2'  +      '
2?:99HD%:%CFA
:2'+''' +2'
 * +    '      4* ++ +   
++%'$* 2
2''<I=*?:99HA%
2 *4'+++*'4 
4*+ *2
3 +2?J3> +B99
D> 99A *2%
5  +2*+'* *'
'+'*++*'' 
 *%'4'+'
  *22+++  '*
 '    *  4+% " 4*  * +' 
+*/+'+-%
 2*2
/+++ '%
   

!"

  # 	
 +2' *'*2*> ?6@1 
99D@'K99,A-+ '++
ACCEPTED MANUSCRIPT 


++''0( 4<+'%=%+- 
 +'22%'*+ 
+L   2% +
 '  2 +     *    +  
  2+4+ +* 4%  
  2'  
%B
 +&*< *4= <&.=<.*'H"') = 22*.+/
 '+ % 
2*'?	


  99A ' $&51 /.)H/99 <  1   ).=  % &. 
2* 4'  *9LM% 4'
 '' +'+ %
   +* 23    + +   -,° "   +   + +
'%22+   '*
 %    '2  &.   4' 
 ++ <'%2=%  <&F9&* &).=
2%
223%

  

& '"5.56<"5.56B.3 .=2' ++
  *   2       +  +  
+ 2 % 

 %
 +''"5.56+' L
•  L%-  D
• + 2L%-  D
• '+ 2L9  %
ACCEPTED MANUSCRIPT 
,

  +  3 *   *
 ' +    '   
 ++*+-  ' 
  2%     + "5.56 .+  L  *  
" ++' +* ' %
+   *+* '
1 ;.3 8 +     2 +D     
 +   ' '  /++ 8 ' 
* + 1 ;.38 %. 
,9 µ   <   ' 2   + '* 8=   
4  * %+ + ''
4
  '4%
* +'2* L
•       F N"   +     2  2 
**+   +D
•     "  " *   " O 9  " O   
2  ++ +  ' ++ ++    +  2
D
•   4      4      
'+++ <++++=''+ 9
/,
9
/9

 

MD
• ++4F9µM   2+4 2% 
28+ + '
ACCEPTED MANUSCRIPT 
-

+   % 6 +  '   +  + <  

'=' '+ D
•  +* 2*  "5.56/  

++%
8++* *+* +'L
( ) 02 =∇−⋅∇+∇⋅+
∂
∂
upuu
t
u ηρρ    <=
0=⋅∇ u       <=
*P+*Q* *%
+ 8       2      8 + * +
 2+%
8+*L
( ) CuCD
t
C ∇⋅−=∇−⋅∇+
∂
∂
     <=
"**  %
  2 +   +     99%999 2* '    
2  %

  
$
	
%
2*'*2 +
   '  /++    2*   % ? % 
:CFA%<I= 2
2'''224
+++ '+ + '%'*
ACCEPTED MANUSCRIPT 
F

*   2* ' +   2   '    
2  * < = +  %   *  
2 48L
2
22
x
aDa
b
a
t
a
a ∂
∂
+−=
∂
∂ µρ <=
2
2
2'
x
bDba
t
b
b ∂
∂
+−=
∂
∂
νρ <,=
>   2  2*PPR+2
*ST +2*%
       + '*   *     
4 2*  I         '+  + 
2*+'%
    /2   2* I  "/ ++ *
+  2B'" *%
*   '   
+2%
* +'2* L
•       F N"   +     2  2 
**+   +D
• ""*"O9
/-
"O9D
• +2+ 8
*<""=%+
22*IL
ACCEPTED MANUSCRIPT 
H

a
b
aRa ⋅−⋅= µρ
2
<-=
•    + 2        8  9
/,
    
2 4L
baRb ⋅−⋅= νρ 2' <F=
•  ++  9
/C
 + < =
9
/F
+2< 2=D
• ++4F9 µM 2* D
• +ρρRµν+4' 
%'ρ=6∗10−5ρRO∗10−4µ=10−5ν=10−4 [moles/secs]; for the 
periodic patternρ=6∗10−3ρRO∗10−2µ=10−3ν=10−2 [ moles/secs]
>             2 <
+ *2 
29=%9
+   ' +  /2 2*
I%>  * '+*+$. 2'
"/ ++ < +   + 2=   2    
* 2+  +% .2 .'    
 !!22*I%) '*
/*     '   '  2%   2 +
 + 8 %
ACCEPTED MANUSCRIPT 
C


	
    ' +   '    2   
  *<2=+%*+
'** 4' 
'''*+ 2%
) '' -94994<*= +4 
8 + 4*9% '8+
 %+ +  
+'''%
'**+'
2*2+ %
!B  '          '  ! B  
 ' 2  ' &' 24 < / > 3 % ) .=%  2 
+  ' 4
 + 4 %
2 '+!B %4 
+ ++ %


	
	
  

 
ACCEPTED MANUSCRIPT 
9

& *+   2*4*+*'
4%" +  H'     
CC <.' /  *= ' 9U  + 2   U  '  U 
2<+ $2*=%  U 
'+%
:5' U '
<.' / *=     * + 9999 M 

%   
 + +   +  % :)	$"   +   
 2 +* 4 
+ %4   + 2FN"
,U "5<:.*=%9%,  +9 +
:5%$4 '++F9µM %+:54
 2+4U + *&%
   4 +  
2G+999 +4
&%

	
	

 

""      *2    8 +  6" &   ' )V%
2R  + 'R    <$= + 2   <B.= 6/'  
;  *  4  *M$   +  6
 B .
 
      <:.=      ' 2   
+ .' /+'*2%
ACCEPTED MANUSCRIPT 


""    F,  

 +3  $   9U  B. <+ 2
 = ' 99M 9% 'M  *%

:5' U '<.' /
*=*+9999M 

%2
' +  * /
+  %9, %$4 + '
++F9µM  '   2 +-% 
 2 <&=%2
4)	 ' +, &%   
 2'+%

	
&    &    '    '+ + 99 ' 
+ <5* KF5* *=%+ 
       '     '% 
'  '2 +   
'2'+ '%5'+*+
      /+       *   
2   + *    '  3% + 
 ''  +   +* 2' <*=
 *' '% *'
''''-9KH994<2=
 4   *   <23=9%
ACCEPTED MANUSCRIPT 



&
    4           4 
 %.*+ '.R/
 '24 '*+;
15	  +*+<2.24
> 3%).=D+9%9,*'+%

'(
 (
>    * + +  +    +    + 
     2%    2   +  +'      
 2 + *&+%$' + + 
    2      '  '      
<+' 2=% *    2 +  +     2  + +
+ % $*  2  !*1  2 
'' +%'+
+++4+ + '
%

 


	
+ ++*+ %'+'
    2 * *  +  '' '   
+ +'%
ACCEPTED MANUSCRIPT 


'+*+++  '
+     +*++ 
  3%

	

**+ ' /* )&"V
' +9%,%!+  +'/
2/*%
4'/28+2
++      8   +  <+' =%  
    2  '     2 2*I <+' 2=
?:CFA%
.'+ 2 ++
 2 +% +I  
2'++'K< 2=
E<' 2+=%+'+
    2+  /*% *+
+<8,=+'+',%
+   +       2*  +     
2 ++  '       +'    %  
** 84/
+    %      2  2  2 '  ' 
ACCEPTED MANUSCRIPT 


 <+',=%      22* I  
          ++   * %  
'    2  2  '  + + F  M     
+ %W  M      
%    2 ++
+89/H 

M%2+
 2       2  8  9  M %   + 
*PO9
/,
SO9
/,
PO9
/
QO9
/
2*I% 
224/4'*/4%

	
)

	
 * +  *          4  
 <+'% -= +  %      2  2  *
*' <+'%-2=%
   2 +  +' -   :)	$"    &   
'*+*4 '
+9% %

*
	
$4 '''++F9XM %*
++   2 '
  4    '   2 +  
ACCEPTED MANUSCRIPT 
,

* /+  %+- 
' +   '   +  '  9K 2G% 
  & '+       *+   
 2'+ * 
'%F+'/+%
4*4 ''<
, 6='/+  *%+- 2
 2''+ +  +%) '
  '' '   * +    2 2% 
    + 2*  8 +'   *   
 ' 2 +   "5.56     ' +  +
+++ %'%HH2' 2+
'%
 '  </ != 9%FC% ) '    ++ ++ +
 2%Y9%FK9
-
%;
'%H/*'2*'*
%4'2*+4*
 +'++<!=2+
  Z9%CH <+' H2=%    '+ +   1"5	  + 
 ' *++'/+<='%
HH2%'+*+++ +'/+[9%999%

ACCEPTED MANUSCRIPT 
-




>  2   +   + '  3 + '  4* + :5 
 *  4
' '   %    + ' 
 '"5.56*' *+ 
+      2  +     '  
 2'+ 3' %:)	$""" *2
 2+2+
   +          '      
*'
%
++4 +4 +  
  &   * +  '   '' '   2 
++   *  2%
 ++4*''
4' 2+%
++*+4**+ +L++
+* '++++
+'42*  <99H=%
>     '   '  8 +   ++ 
22*22'++
 ''2+*
+++2 %
  +        ' + 
2+2 
'+%
ACCEPTED MANUSCRIPT 
F

      2 2* I  2 2  *'   
++ % ) '             
   +  *   2  '    ++
''   
  2    ' 
 2%.' + *'* '2
22++ ''
'* 2 %

(
 1 V$E:*"6 +:> .6&"%<99,=
  '     2
 ' +    V		 % @ 1 2% 99,
@D-<=L/F%

 @@ 66$% <99C= +L++' '
/ %62"%99C.DC<H=LF9F/%
$23"66$!"6% <99C=+ *  ' 
   ' '  +   <!'/> =/  4*
'%62"%99C1DC<=L/,9%

> $'6&
 B!B.!''".B&%
<99= B  *4*    2*  % @ B " % 99 
,DFF<=L/F%

ACCEPTED MANUSCRIPT 
H

@' K K \  ' .V .3     >  % <99,=  '   +
' ' + 2   + ' + 3%  " % 99,
,DFF<H=LH/F%

6 1 \ > E%<99F= 2// ''%
BB%99F@D-C<=L/,%

6@1 B3:'.V> 	> 6%<99=1 
 4   4'+ 3/H +   +2%
1 B%99'D9<H=LH-/9%

@"++*"@!"> :.5@> <999=<999=
2+ +*  *< *4=%$%999@D<=LF/
9%!%

:%*+2'+ %V*23%CFD<=L9/C

 :% <99H=  + 2'  + L +   *   
'
+ 2*4%"B%99HDHL/-%!%

.> !.> 6	B"'B@1 6%<99F=+2
'   ' + 2%B %
99F5DC<,=L-F/,%
ACCEPTED MANUSCRIPT 
C


  	

   %  + ' 3 + 4* ' +
24	%99HD<H=LC,F/-%

E"6 " K1 E:%<99C= + *+'
4*'%62"%99C@DC<=L9-/,%

'<C,=" B+'&%%!%.%6BFF/F
<C,=

	

 "B.<99=2+&6++'+'*
 *'(B %99@D<=L,/,9%

J3 >  + B% <99= 6   *4*%!'  & % 99 @/
'DC<=L/9%!%

*
	 !<= +32<2=*  2

	!<= ++*<2=/'32

ACCEPTED MANUSCRIPT 
9

	"!  ''2+'    '2*% <=
& +    D <2=  +   +  D <= 4 +   2
+ '<= +'+ *+
2*<2L4 DL '=%

	 #! <=  '    '  I    '  3
2 <+' ,=D <2=     2 2* I    '
 32<+',2=%

	$!22*I  +%

	 %! <= "  *     + + 4   <2= :)	$" 
 *  *        2 <=  * + &
2:)	$"4:*'&4' 2%

	&!&   '+++""     
 '/+

	'!  <="+  2+-4 %
'22*+'+2*
$ %<2=B'++%

ACCEPTED MANUSCRIPT 
Figure 1: (a) scheme of Gradient Maker bioreactor (b) the system all assembled 
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Figure 2: (a) 2D profile of velocity (b) 3D-gradient concentration in the Gradient Maker bioreactor 
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Figure 3: Imaging processing of gradient in the cell treatment area using red and blue dyes 
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Figure 4: (a) A single static pattern produced using the G&M Model in the gradient maker 
bioreactor (figure 5a); (b) a periodic pattern, as described by G&M, produced in the gradient 
maker bioreactor (figure 5b). 
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Figure 5: Activator pattern obtained by the G&M model simulation in flow conditions. 
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Figure 6: (a) Cell luminosity in static conditions as function of exposure time, (b) HUVEC cell 
luminosity in dynamic conditions across the GM cell chamber, (c) Fluorescent intensity of DAPI 
labeled HUVEC exposed to Hydrogen Peroxide gradient across GM cell chamber. 
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Figure 7: Propidium iodide staining of undifferentiated C2C12 cells in the cell treatment area in 
comparison with drug-free static control 
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Figure 8: (a) Concentration profile across the chamber after 6 hours exposure to lidocaine. The 
graph was obtained by fitting the processed data to the concentration profile, as calculated by the 
FEM model. (b) Brightness as function of lidocaine concentration. 
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